Summary: Intracellular recordings were made from neurons in bullfrog sympathetic ganglia maintained in vitro. The action potential afterhyperpolarization was comprised of two components, namely an initial, shorter-lasting (up to 200ms) event and a later, longer-lasting (up to 2500ms) one, both of which resulted from an opening of potassium channels. Both of these components reversed their polarities at between-80
Introduction
An of terhyperpolarization which follows a single or repeated action potential (s) is calcium-dependent in bullfrog sympathetic neurons, as in many other central and peripheral nerve cells (Meech, 1972 (Meech, , 1978 . A widely accepted concept of this calciumdependent hyperpolarization is that calcium ions enter the neuron as a charge carrier during the action potential and cause a transient increase in intracellular calcium concentrations and, thereby, open potassium-channels (Meech, 1972 (Meech, , 1978 . The opening of potassium-channels or the activation of membrane potassium conductance (gK) by intracellular calcium ions brings the membrane potential to the equilibrium potential for potassium ions (EK). The reversal of the response should, therefore, occur at potentials more negative than EK.
Earlier work in bullfrog ganglia has shown that the spike of terhyperpolarization comprises two components, an initial, shorter-lasting and a slower, longer-lasting part. The initial component of the spike of terhyperpolarization reverses its polarity at a less negative potential than the latter component (Kuba et al. 1983; Tokimasa, 1984 a) . The present study was performed to examine the reasons for these two components reversing at different potentials.
Materials and Methods
Bullfrog (liana catesbiana) sympathetic ganglion (9 th or 10th) with its associated sciatic nerve was continuously perf used 285 with Ringer solution of the following composition (mM) : NaCl 112, KCl 2.0, CaCl2 1.8 and NaHCO3 2.5.The preparation was pretreated with collagenase (1%) (Sigma type2) for 60minutes prior to the experiment in order to loosen the connective tissue. Either fast B (Dodd and Horn, 1983; Tokimasa, 1984a) or slow B (Dodd and Horn, 1983; Tokimasa, 1984a) neurons were impaled with a glass microelectrode containing 3M KCl (DC resistance 15-50 MQ). Other basic techniques for the stimulation of the sciatic nerve, cell classification and intracellular current-injection are detailed elsewhere (Nishi and Koketsu, 1960; Dodd and Horn, 1983; Tokimasa, 1984a, b 
Results
The observed reversal potential of the spike afterhyperpolarization
In general, the resting membrane potential of bullfrog ganglion cells was between -60 and -70mV (Fig. 1) . A single soma action potential (overshoot; +30-+35 mV) was followed by a prolonged afterhyperpolarization, which usually lasted for more than 500ms up to 2500ms (Fig.1) . The spike afterhyperpolarization reached an initial peak immediately after the spike repolarization.
This was followed by a sec- Fig. 1 . The initial and the second peaks of the spike afterhyperpolarization. Upper trace; a direct spike observed on a fast time base. Lower trace; a spike afterhyperpolarization of the same cell observed on a slower time base. Full height of the action potential is not shown. The afterhyperpolarization had an initial peak (-80.5mV) immediately after the spike repolarization and a second peak (-86.3mV) 140ms after the initial peak. In many other cells tested, the temporal separation of two peaks was less clear than that shown in this particular cell (see Figs. 2,5 and 6). The resting potential was -60mV and the spike amplitude was 90mV. These traces were displayed on the chart via a digitizing oscilloscope. and peak, at 50 to 150ms after the initial peak, and this declined monotonically thereafter (Fig.1 ). This after hyperpolarization comprises two components, an initial, shorter-lasting (up to 200ms) part and a slower, longer-lasting (up to 2500 ms) part (Tokimasa, 1984a) . It has been proposed that the initial and the latter part are generated by a delayed rectifier gK (gKDR) and a calcium-dependent gK (gxca) (Kuba et al. 1983; Tokimasa, 1984a) , respectively.
The clear reversal of the afterhyperpolarization occurred at potentials more negative than -100mV (Kuba et al. 1983; Tokimasa, 1984a) ; -80.6mV and -87.5mV have been reported by Kuba et al. (1983) as the null potentials for the initial and the second peaks, respectively. Quite comparable null potentials (-89mV and -93mV) have also been reported (Tokimasa, 1984a) . In a given neuron, however, the initial peak always reversed its polarity at a less negative potential than the second peak ( Fig. 2 and Table1 ).
There could be several possibilities which may explain such a difference. For example, this could mean that either or both contains another current component in addition to gK (Kuba et al. 1983) . In other words, the equilibrium potential of either one (or both) is slightly shifted from EK. On the other hand, the reversal potential of two components was shifted by 57mV for one decade change in extracellular potassium concentration ( Fig.3) , indicating that probably neither the initial nor the later component of the afterhyperpolarization (AHP) contains additional currents.
For this reason, both of these components are tentatively assumed to be "purely" potassium dependent in the following mathematical analysis. Two different reversal potentials. The soma membrane was hyperpolarized from the resting potential (-70mV) to -85mV by constant DCcurrent.
The initial peak of the spike afterhyperpolarization nulled at this potential (indicated by an arrow) but the latter component had not yet been nulled. The null potential of the second peak was -90mV.
Inset shows the action potential which was observed at the resting potential.
The action potentials were generated in response to the antidromic stimulation applied to the sciatic nerve. The predicted reversal potential of the spike afterhyperpolarization Fig. 4 represents a hypothetical membrane equivalent circuit used in the present study. gNa represents the resting sodium conductance.
This conductance can be activated during the action potential but the activation is transient (less than a fewms) since concomitant inactivation rapidly occurs. gx represents the resting potassium conductance. It is possible that this resting gx is identical to the conventional delayed rectifier gx but there is yet no evidence which has clearly demonstrated that these two conductances are identical. For this reason, a resistor 1/gx is separated from 1/gKAHP in the circuit. Calcium conductance (ca) is also activated during the action potential.
An residual increase in gca would be a possible current component which contaminates the afterpotential. If this were the case, an inward current through a resistor 1/gca would cause an inward (depolarizing) shift in the reversal potential of the spike afterhyperpolarization. The initial peak of the spike afterhyperpolarization, however, was not changed by calcium channel blockers, such as cobalt or manganese (Tokimasa, 1984a) , findings which indicate that the residual We cannot measure the membrane current but can substitute for i' from Eq (2) and for im from Eq (4). Whence,
•c•c•c Eq (7) Eq (7) can be used to predict the amplitude of the spike afterhyperpolarization from conductance change a for any given potential levels. How to estimate a experimentally
The theoretical calculation of a from Eq (7) has already been described above. a can be estimated experimentally by measuring a decrease in membrane input re- (Kuba, 1980; Kuba and Nishi, 1976; Minota, 1974; Smith et al. 1983; Suzuki and Kusano, 1983 membrane depolarizations (at between -50 and -30mV) ( Fig.7; see also Kuba et al. 1983 ) but prolongs with the membrane hyperpolarizations (Kuba et al. 1983; Tokimasa, 1984a) . Alternatively, these observations may indicate that time-dependence of a is voltage-dependent.
Although this voltage-dependence should be investigated under voltage-clamp conditions (Tokimasa, in preparation), it should be operating in the opposite direction to that expectated where one assumes that the voltage-dependence of a reflects the voltage-dependent nature of potassium-channels themselves (Adams et al. 1982; Gorman and Thomas, 1980; Lux et al. 1981 ; Pallotta Fig.7The voltage-dependence of the time-course of the spike afterhyperpolarization. The spike afterhyperpolarization which followed an antidromic spike was observed at various membrane potentials (indicated besides each trace inmV). The initial part had already reversed at -95mV (indicated by an arrow) while the slower part had not, as has been discussed previously (see also Fig. 2) . The null potentials for the initial and the slower (measured at 70ms after the initial peak) were -90mV and -98mV, respectively.
However, as the soma membrane was depolarized from the resting level (-65mV) to -55mV or -50 mV, the second peak disappeared and the total duration of the afterhyperpolarization progressively shortened. On the other hand, the amplitude of the initial peak increased in an expected manner. 
